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The proper number of cells in developing tissues is achieved by coordinating cell division with apoptosis. In Drosophila, the adult wing is
derived from wing imaginal discs, which undergo a period of growth and proliferation during larval stages without much programmed cell death.
In this report, we demonstrate that the Drosophila casein kinase Iε/δ, known as Discs overgrown (Dco), is required for maintaining this low level
of apoptosis. Expression of dco can suppress the apoptotic activity of Head involution defective (Hid) in the developing eye. Loss of dco in the
wing disc results in a dramatic reduction in expression of the caspase inhibitor DIAP1 and a concomitant activation of caspases. The regulation of
DIAP1 by Dco occurs by a post-transcriptional mechanism that is independent of hid. Mutant clones of dco are considerably smaller than controls
even when apoptosis is inhibited, suggesting that Dco promotes cell division/growth in addition to its role in cell survival. The dco phenotype
cannot be explained by defects Wingless (Wg) signaling. We propose that Dco coordinates tissue size by stimulating cell division/growth and
blocking apoptosis via activation of DIAP1 expression.
© 2006 Elsevier Inc. All rights reserved.Keywords: Drosophila; Apoptosis; Dco; Casein kinase I; DIAP1; Wing disc; Wnt; WinglessIntroduction
Apoptosis, or programmed cell death (PCD), is a tightly
regulated mechanism of cell death that is essential to animal
development and homeostasis of adult organs (Jacobson et al.,
1997; Meier et al., 2000). In many developmental contexts,
PCD is required for the removal of excess cells during
morphogenesis. Apoptosis also serves as a quality control
mechanism to eliminate abnormal or damaged cells from the
organism. In addition, there is a link between cell growth/
proliferation and PCD. Cells stimulated to grow and divide
often also have an increased propensity for undergoing
apoptosis (Abrams, 2002; Green and Evan, 2002). This
relationship has been suggested to act as a “fail-safe” system,
to prevent unwanted expansion of cell populations. Inhibition of
this system is thought to occur during the multi-step process of⁎ Corresponding author. Fax: +1 734 647 0884.
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doi:10.1016/j.ydbio.2006.10.028oncogenesis (Evan and Vousden, 2001; Green and Evan, 2002;
Hanahan and Weinberg, 2000).
PCD is executed by a family of cysteine proteases called
caspases. Caspases are synthesized as inactive zymogens and are
processed to their active form to cleave cellular substrates, thus
promoting the apoptotic pathway. Caspases and many of their
regulatory components, such as the Bcl2 family proteins, are
evolutionarily conserved from nematodes to mammals (Kauf-
mann and Hengartner, 2001). However, additional strategies
have evolved in insects and higher organisms to provide greater
flexibility of regulation. One example is the Inhibitor of
Apoptosis (IAP) family of proteins. IAPs can bind to caspases,
inhibiting their processing, catalytic activity or the ability of
active caspase to bind to substrates (Deveraux and Reed, 1999;
Tenev et al., 2005). IAPs can also facilitate caspase degradation
by targeting them for ubiquitination via their E3 ubiquitin ligase
activity (Wilson et al., 2002; Yang et al., 2000).
Studies of a Drosophila member of the IAP family, DIAP1,
encoded by the thread (th) locus, have provided critical insights
into the function and regulation of IAPs. DIAP1 can be bound
and inhibited by Head involution defective (Hid), Grim and
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apoptotic factors can downregulate DIAP1 levels by promoting
its degradation via the ubiquitin ligase activity of DIAP1 as well
as inhibiting DIAP1 translation (Hays et al., 2002; Holley et al.,
2002; Ryoo et al., 2002; Yoo et al., 2002). Once caspases are
activated, they can cleave DIAP1, stimulating its ubiquitination
and degradation (Ditzel et al., 2003). This multilevel regulation
of DIAP1 reflects the critical role it plays in cell survival, as
evidenced by the massive activation of caspases and apoptosis
observed inDIAP1mutants (Ryoo et al., 2004; Yoo et al., 2002).
The connection between cell growth/proliferation and cell
death and pattern formation has been extensively studied in the
Drosophila wing imaginal discs (Edgar, 1999; Serrano and
O'Farrell, 1997; Tapon et al., 2001a). During the three larval
stages, the wing discs undergo a rapid phase of cell growth and
proliferationwith very low levels of PCD (Milan et al., 1997). The
Drosophila homologue of casein kinase Iε/δ (CKIε/δ), known as
discs overgrown/double time (dco), was shown to be essential for
imaginal tissue development (Jursnich et al., 1990; Zilian et al.,
1999). Weak dco mutants exhibit a lag in disc growth, while
stronger alleles have small or severely degenerated discs. Mitotic
clones of dco null mutant cells in the wing disc did not grow or
survive when induced during first or second larval stages, though
small clones could be observed if induced at later stages (Zilian et
al., 1999). Electron micrographs of dco mutant discs demon-
strated the presence of basally extruded cells with nuclear con-
densation, suggesting that PCD was occurring. Based on these
observations it was concluded that dco is required for cell proli-
feration and/or survival through an undetermined mechanism.
In this report we demonstrate that Dco is an essential cell sur-
vival factor in the wing imaginal disc. We initially identified Dco
as a potent suppressor of Hid induced cell death in the eye. This
Hid antagonism requires Dco kinase activity. Loss of dco in the
wing results in massive PCD, which is a major cause of the small
disc phenotype seen in dcomutants. When apoptosis is inhibited,
dco mutant wings are normally patterned, suggesting that dco's
effect on cell survival is not an indirect consequence of abnormal
cell specification. We demonstrate that dco mutant cells have a
dramatic post-transcriptional reduction of DIAP1 protein levels,
which is sufficient to explain the increase in PCD. This regulation
of DIAP1 is independent of hid and not does appear to require the
E3 ligase activity of DIAP1. We also provide results suggesting
that Dco promotes cell growth/proliferation in the wing disc.
CKI family members, including CKIδ and CKIε, have been
implicated in several developmentally important signaling
pathways. In Drosophila, dco has been shown to act as a
positive regulator of planar cell polarity in the larval eye and
pupal wing (Strutt et al., 2006; Klein et al., 2006). In fly cell
culture and the wing imaginal disc, dco has been shown to be
required for Wnt/Wingless (Wg) signaling (Cong et al., 2004;
Klein et al., 2006; Zhang et al., 2006). Wg signaling is known to
promote cell survival in the wing imaginal discs (Giraldez and
Cohen, 2003; Johnston and Sanders, 2003). However, we find
that cells homozygous for a null dco allele have normal Wg
signaling in the developing wing. Our data support a model
where Dco promotes cell survival by activating DIAP1 protein
levels independently of Wg signaling.Materials and methods
Fly strains
The following fly strains were used. Oregon R was our wild type stock.
The GMR-hid10, GMR-hid1M, GMR-rpr2, GMR-rpr 5, GMR-grim 2 and
GMR-grim3 (Chen et al., 1996; Rodriguez et al., 1999) stocks were from J.
Abrams. GMR-hidala5 (Bergmann et al., 1998) was from A. Bergmann. UAS-
lacZ (Brand and Perrimon, 1994), UAS-p35 (Mergliano and Minden, 2003),
enGal4 (Neufeld et al., 1998) and ptcGal4 (Johnson et al., 1995) and th j5c8
(Hay et al., 1995) were from the Bloomington Stock Center. UAS-dco (on the
X chromosome; Price and Kalderon, 2002) was from M. Young. A wild-type
UAS-dco stock and UAS-dcoD132N mutant (Klein et al., 2006) were obtained
from M. Mlodzik and a UAS-dco and UAS-dcoK38R (Strutt et al., 2006) was
provided by D. Strutt. GMRGal4 (Freeman, 1996) was from M. Freeman. The
hid 05014and hid X14 stocks (Gerether et al., 1995) were from K. White, while
the Df(3L)H99 and UAS-DIAP1 stocks (Hay et al., 1995) were from B. Hay.
The dco mutant alleles dcoP915, dcoP1396 and dcole88 (Zilian et al., 1999) were
from M. Noll. The th6B allele (Lisi et al., 2000) was from K. White. FRT 82B P
[w+, Ubi-GFP nls] and FRT 82B P[w+, armlacZ] (Tapon et al., 2001b) were
from I. Hariharan while all other chromosomes for clonal analysis, yw flp122,
FRT 82B (Xu and Rubin, 1993) were from the Bloomington Stock Center. The
UAS-dcoRNAi transgene was constructed by cloning an inverted repeat of the
C-terminal non-kinase domain coding sequence using the PCR primers 5′
CCAGTCTAGACAGCGGCCGCAGGACG GAGCGGAC3′ and 5′GCTATT-
TAGATCTAAACCGCAAGGGGTGCGGTGG3′ into the pWIZ vector (Lee
and Carthew, 2003). Transgenic flies were generated following the standard P
element methodology.
Generation of dco clones
To generate dco clones with p35 expressed in the posterior domain of the
wing disc, the fly strain yw, flp122; enGal4; FRT82B P[armlacZ]/TM6 was
crossed to w, UAS-p35; FRT82Bdcole88. For the DIAP-lacZ experiment, the
following strain yw, flp122; enGal4; FRT82B P[w+, Ubi-GFPnls]/TM6 was
crossed to UASp35; th j5c8, FRT82Bdcole88/TM6. The progenies were heat
shocked during early 2nd instar larval stage for 1 h at 37°C. The larvae were
dissected and fixed with 4% formaldehyde 60 to 72 h later.
Immunostainings, TUNEL and in situ hybridization
Immunostainings were performed as previously described (Parker et al.,
2002). Mouse anti-DIAP1 (1:200) and rabbit anti-active Drice (1:2000) (Yoo et
al., 2002) were both provided by B. Hay. Guinea pig anti-Sen (1:5000) was made
by immunization with GST-Sen as previously described (Nolo et al., 2000).
Rabbit anti-Dll (1:200) was from J. Kohtz and rabbit anti-Spalt (1:100) (Kuhnlein
et al., 1994) was from R. Schuh and B. Mollereau. Rabbit anti-β-galactosidase
(Cappel, ICN, Costa Mesa, CA) and mouse anti-β-galactosidase (Sigma, St.
Louis, MO) were both used at 1:500. Rabbit anti-phospho-Histone 3 (1:150) was
fromUpstate (Lake Placid, NY). Monoclonal anti-En (1:20) and anti-Wg (1:100)
were from the Developmental Studies Hybridoma Bank (Iowa City, IA). Cy3-
and Alexa Fluor 488-conjugated secondary antibodies were from Jackson
Immunochemicals (West Grove, PA) and Molecular Probes (Eugene, OR),
respectively. The TUNEL assay was performed using the Cell Death Detection
kit (Roche Diagnostics, Indianapolis, IN) as previously described (Lin et al.,
2004). In situ hybridization detection of hid, grim and rpr transcripts was
performed as previously described (Lin et al., 2004). Pupal wings were stained as
described (Axelrod, 2001) with Alexa568 phalloidin (Molecular Probes) at a
concentration of 6.25 U/ml.
Microscopy and image analysis
The adult eyes were photographed on a Leica M10 microscope as previously
described (Parker et al., 2002). All fluorescent pictures were obtained with a
Ziess Axiophot coupled to a Zeiss LSM510 confocal apparatus. The pixel values
of the clone and twin areas in Fig. 8 were calculated using the histogram tool in
Photoshop 6.
Fig. 1. Ectopic expression of dco suppresses the small eye phenotype induced by
overexpression of the proapoptotic genes hid, rpr and grim. Micrographs are of
adult female eyes. All flies shown contain GMR-Gal4 and either UAS-lacZ (A,
C, E, G) or UAS-dco (B, D, F, H). They contain two copies ofGMR-hid1M (A, B),
one copy of GMR-rpr 2 (C, D), GMR-rpr 5 (E, F) or a copy each of
GMR-grim2 andGMR-grim3 (G, H). Overexpression of dco strongly suppresses
GMR-hid IM and other GMR-hid strains (data not shown), while suppression of
GMR-rpr and GMR-grim is weaker and variable.
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Dco preferentially suppresses Hid induced cell death in the eye
dco was identified in an EP misexpression screen (Rorth et
al., 1998) for genes that interact with the Wg signaling pathway.
When placed under the control of the eye-specific GMR
promoter, Wg causes a severe reduction in eye size (Parker et
al., 2002). This is due in part to an increase in apoptosis in the
late larval/early pupal eye (H. V. Lin, A. Rogulja and K.
Cadigan, in preparation). We expected that some EP lines that
could suppress the GMR/wg phenotype would be inhibitors of
PCD. One such example was EP(3)3280, where the P-element
is inserted into the first intron of dco (data not shown). Similar
suppression of GMR/wg was obtained with a UAS-dco line,
confirming that dco was responsible for the effect. Misexpres-
sion of dco in several contexts outside the eye revealed no effect
on Wg signaling (data not shown). However, expression of dco
in the eye strongly suppressed the activity of the pro-apoptotic
factor Hid (Fig. 1B). dco had more subtle effects on the small
eye phenotype caused by GMR-rpr (Figs. 1D, F) and mode-
rately suppressed GMR-grim (Fig. 1H). Because hid, grim and
rpr are expressed by the heterologous GMR promoter, the
suppression is not due to transcriptional inhibition of these pro-
apoptotic genes.
It has been previously shown that ectopic expression of
activated Ras preferentially suppresses Hid induced cell death in
the eye (Bergmann et al., 1998; Kurada and White, 1998).
However, the ability of activated Ras to suppress the GMR-hid
small eye phenotype was blocked when five potential MAP
kinase phosphorylation sites were mutated to alanine (GMR-
hidala5) (Bergmann et al., 1998). Both EP(3)3280 and UAS-dco
were able to suppress GMR-hidala5 to the same extent as wild
type GMR-hid (Fig. 2B and data not shown), suggesting that dco
overexpression is not working through a Ras/MAP kinase
pathway.
To determine whether endogenous dco regulates apoptosis in
the eye, we reduced dco expression using RNAi via a dco
hairpin construct (UAS-dcoRNAi). Expression of this hairpin with
theGMR-Gal4 driver resulted in a roughened eye phenotype but
did not reduce overall eye size (Fig. 3B). However, dcoRNAi
enhanced the small eye phenotype of an intermediate GMR-
hid1M construct (Figs. 3C, D). dcoRNAi had much smaller effects
on GMR-rpr and GMR-grim constructs (data not shown). These
data indicate that endogenous dco influences the level of
apoptosis caused by misexpression of hid.
To examine whether the kinase activity of Dco is required for
Hid antagonism, two mutant forms of dco were co-expressed
with hid in the eye. dcoD132N is predicted to compromise ATP
binding (Peters et al., 1999; Zhu et al., 1998) while dcoK38R
contains a mutation within the catalytic site (Peters et al., 1999;
DeMaggio et al., 1992; Fish et al., 1995). Bothmutants can act as
dominant negatives for CKI function (Zhu et al., 1998; Peters et
al., 1999; McKay et al., 2001; Klein et al., 2006; Strutt et al.,
2006). However, DcoD132N was clearly able to suppress the
GMR-hid small eye phenotype (Fig. 4B), while DcoK38R had the
opposite effect. The K38R form of Dco enhanced both a mode-
Fig. 3. RNAi inhibition of dco enhances Hid-mediated apoptosis in the eye.
Adult eyes from GMR-Gal4/UAS-lacZ (A, C), GMR-Gal4/UAS-dcoRNAi (B, D)
without (A, B) or with one copy of GMR-hid1M (C, D). Depletion of dco
roughens the eye but does not cause a reduction in size in an otherwise wild-type
background (B), but does significantly enhance the GMR-hid IM phenotype
(compare C and D).
Fig. 2. Ectopic expression of dco suppresses the small eye phenotype induced
by a Ras/MAPK resistant form of Hid. Micrographs are of adult female eyes.
Flies contain GMR-Gal4, GMR-hidala5 and either UAS-lacZ (A) or UAS-dco
(B). Overexpression of dco strongly suppresses the GMR-hidala5 phenotype.
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(Fig. 4F). When expressed by GMRGal4 in an otherwise wild-
type eye, DcoK38R caused a roughening of the eye, but did not
effect eye size (data not shown). Because the D132N mutation
has been reported to reduce, but not eliminate CKI kinase
activity (Zhu et al., 1998), the data suggest that a partially active
Dco can still suppress Hid-mediated apoptosis but some Dco
kinase activity is required for antagonizing Hid activity.
dco mutant imaginal discs have elevated apoptosis
Although dco overexpression and RNAi knockdown effect
the ability of Hid to promote apoptosis, mitotic clones
homozygous for a dco null allele (dcole88) are readily detectable
in late larval eye discs and mid-pupal eyes (data not shown).
dco mutant clones are not recovered in the adult eye, although
some scarring near the twin spots was seen (data not shown).
We have not been able to detect increased apoptosis in the larval
or pupal clones. Apparently, cells lacking dco are eliminated
sometime in late pupal development.
To further explore whether dco is required for suppressing
PCD, we examined several other imaginal discs. Using the
TUNEL DNA fragmentation assay, we compared the level of
apoptosis in imaginal discs from wild type and hypomorphic
dco mutants (dcoP915/P1395). Throughout third instar larval
development, TUNEL positive cells in the wing were detected
at low levels in wild type, as shown in Figs. 5A and D. In
contrast, we found a dramatic increase in TUNEL signal in the
dco mutant wing discs (Figs. 5B, E). Note that the dco
hypomorphs are developmentally delayed, and the discs were
normalized for developmental stage by examining the pattern of
Wg expression. Elevated TUNEL signal was also observed in
the leg and haltere discs from dco mutants, but no increase was
observed in eye imaginal discs (data not shown).
To determine whether the elevated PCD we observe is
related to hid, grim and/or rpr function, we lowered the dose of
these genes in a dco mutant background. Removal of one copy
of hid, grim and rpr (using the Df(3L)H99 deficiency) caused a
significant reduction of TUNEL signal in dco mutants (Figs.5C, F). Removal of one copy of hid alone did not significantly
reduce the level of apoptosis, but a dramatic reduction was
achieved by removing both copies of hid (data not shown).
These data suggest that in dco mutant discs endogenous hid,
grim and/or rpr are required for the elevated cell death.
As reported previously, dcoP915/P1395 mutant animals have a
prolonged larval phase with slow imaginal disc growth (Zilian et
al., 1999). These animals die in late larval or early pupal stages.
We found that the decrease in cell death in H99, dcoP915/+,
dcoP1395 discs was correlated with marked acceleration in disc
growth and larval development (from 8–10 days to 5–6 days).
These H99/+, dcoP915/P1395 animals have increased survival
into late pupal stages, and the veination pattern of the majority of
these animals is similar to wildtype (Figs. 5G, H). Occasional
escapers survive to adulthood displaying normal legs and
wrinkled or blistered wings (data not shown). These results
suggest that the developmental delay in disc growth and larval
development seen in dco mutants is largely caused by elevated
apoptosis. In addition, the data in Fig. 5H indicate that patterning
of the wing is normal in dco mutants when PCD is reduced.
Dco activates DIAP1 expression in the wing imaginal disc
Both overexpression and loss of function studies with dco
suggest that it encodes an anti-apoptotic factor in Drosophila
imaginal tissues. Our initial observation that overexpression of
dco differentially suppresses GMR-hid and GMR-rpr is remi-
niscent of DIAP1 alleles containing mutations in its RING
Fig. 4. Kinase activity is required for dco to suppress Hid-mediated apoptosis in
the eye. Adult eyes from GMR-Gal4, GMR-hid ala5 and either UAS-GFP (A),
UAS-dco (B), UAS-dcoD132N (C) or UAS-dcoK38R (D). While the ATP-binding
mutant dcoD132N suppresses Hid activity as well as wild-type dco, the kinase
dead mutant K38R enhances the small eye phenotype. (E, F) Enhancement was
also observed with a weaker GMR-hid transgene. GMR-Gal4, GMR-hid1M and
either UAS-GFP (E) or UAS-dcoK38R (F). Wild type dco and dcoD132N strongly
suppressed GMR-hid1M (data not shown).
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that these DIAP1 mutants lack ubiquitin ligase activity and may
be present at higher levels due to stabilization of DIAP1. These
findings prompted us to look at DIAP1 protein levels when dco
expression is elevated (with UAS-dco) or reduced (UAS-
dcoRNAi). Both UAS transgenes were driven by patched (ptc)-
Gal4, which is active in a stripe on the anterior side of the
anterior/posterior boundary of the wing imaginal disc (Johnson
et al., 1995).
Overexpression of dco led to a moderate increase of DIAP1
protein levels in the ptc expression domain (Fig. 6B).
Conversely, DIAP1 expression was decreased upon RNAi-
mediated knockdown of dco (Fig. 6C). Using an antibody
specific for the activated form of the effector caspase Drice (Yoo
et al., 2002), we found that dco knockdown also caused a
marked increased in Drice activation (Fig. 6E). Z-axis projec-tion of ptc-Gal4/UAS-dcoRNAi wing discs reveals that the Drice-
positive cells are found basally in the epithelial sheet (Fig. 6G)
and that DIAP1 levels are low both apically and basally (Fig.
6H). Loss of DIAP1 is known to cause apoptosis (Ryoo et al.,
2004; Wang et al., 1999; Yoo et al., 2002), and the data
suggest that Dco promotes cell survival by maintaining DIAP1
expression.
To determine whether hid was required for Dco regulation of
DIAP1, the ptc-Gal4/UAS-dcoRNAi experiments were repeated
in a hid mutant background. An obvious decrease in DIAP1
levels was still observed (Fig. 6D) indicating that Dco can
activate DIAP1 independently of hid. The reduction in DIAP1
was also seen in a H99/+ background (data not shown). In
contrast, the activation of Drice by dcoRNAi was greatly
suppressed in hid mutants (Fig. 6F) or H99 heterozygotes
(data not shown). This is consistent with the results from dco
hypomorphic mutants (Figs. 5C, F).
To rule out the possibility that Dco regulates the transcript
levels of hid, grim or rpr, in situ hybridization was performed on
ptc-Gal4/UAS-dcoRNAi wing imaginal discs. hid expression was
not detectably effected (Fig. 7A), but a small reduction in grim
expression was sometimes observed within the Ptc domain (Fig.
7B) while a small increase in rpr transcripts was also consis-
tently seen (Fig. 7C). These minor differences were not observed
in wild-type discs (data not shown). We consider it highly
unlikely that these minor and contradictory differences can
explain the dramatic effect observed on DIAP1 protein levels.
We also examined the phenotype of dco null (dcole88)
mutant cells induced by mitotic recombination. As reported
previously (Zilian et al., 1999), clones of this allele were not
obtained when recombination was induced before third larval
instar (data not shown). This experiment was repeated in discs
where the baculovirus caspase inhibitor p35 was constantly
expressed in the posterior compartment via engrailed (en)-
Gal4. As shown in Fig. 8A, dco mutant clones were not
detected in the anterior compartment (lacking p35), but were
found in the posterior compartment expressing p35. Twin spots
were visible in both compartments, indicating that mitotic
recombination had occurred. These data indicate that caspase-
dependent PCD contributes significantly to the loss of cells in
dco mutant clones.
Consistent with a role of Dco in promoting cell survival by
maintaining DIAP1 levels, we found elevated active Drice and
decreased DIAP1 in dco clones (Figs. 8C–H). The activation of
Drice is largely cell autonomous, though we occasionally see
some additional signal adjacent to the clones (arrows in Figs.
8C–E). We speculate that this might represent dying cells
engulfed by surrounding cells or macrophages. It has been
reported in fly embryos that phagocytosis of cells containing
activated caspases is not blocked by p35 expression (Mergliano
and Minden, 2003). The dco null clones have decreased DIAP1
levels regardless of the area in the wing discs (hinge, pouch,
notum) where the clones are found, indicating that Dco
regulates DIAP1 throughout the wing discs.
When dco clones were generated in a Minute/+ background,
a strong decrease in DIAP1 levels were observed, but only a
small increase in activated Drice was seen, most prominently in
Fig. 5. dco mutant wing discs have elevated cell death and growth delay that is largely suppressed by removing one copy of hid, rpr and grim. Confocal images of
wing discs stained for TUNEL (green) to label apoptotic cells and Wg (red, apical optical section) to identify the developmental age of each disc. The discs in panels
A–C are early third instar and those in panels D–F are late third instar. (A, D) Wild type discs 3 and 5 days after egg laying. (B, E) dcomutant discs (dcoP915/dcoP1396),
6 and 8 days after egg laying. (C, F) Df(3L)H99/+, dco (dcoP915/dcoP1396) discs 4 and 6 days after egg laying. H99 is a deficiency that removes a chromosomal region
including hid, rpr and grim. The green signals at the edge of the wing discs in panels D and F are non-specific staining of nuclei from the peripodal membrane. (G, H)
Wild type (G) and Df(3L)H99/+, dco (H) pupal wings stained with phalloidin. The wings are 33 h and 38 h after the white prepupal stage, respectively. The white
arrows denote the position of the longitudinal veins. The overall pattern of the H99/+; dco wings is identical to wild-type. Scale bar: 100 μm.
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that cell competition is involved in promoting PCD in dco
mutant cells, though not in the primary effect on DIAP1 protein
expression.
To examine whether this activation of DIAP1 by dco is at the
transcriptional level, we looked at the expression of a lacZ
reporter under the control of the DIAP1 control region (DIAP1-
lacZ) in dco clones and found that is was not altered (Figs. 8I–
K). This suggests that Dco regulates DIAP1 by a post-
transcriptional mechanism.
dco mutant clones are significantly smaller than their twins
A role for Dco in cell proliferation was suggested by the size
of dco clones in the presence of the caspase inhibitor p35,
which were consistently smaller than the twin spots (e.g., Fig.
8A). When this was quantitated, we found that the dco clones
were on average 4 times smaller than the twin spots in the
posterior compartment (Fig. 8B). Because the twins and clones
originate from the two daughter cells of a single cell that
underwent mitotic recombination, they grow for the same
period of time in a similar location. Therefore the approximate
1:4 ratio of clone/twin size in dco mutants suggests a defect in
the rate of growth/proliferation. To examine this further, we
performed bromo-deoxyuridine incorporation and immunos-
taining for phospho-Histone 3, which label cells that are
undergoing DNA replication or mitosis, respectively. Neitheranalysis revealed any obvious differences between the clones
and surrounding tissues (data not shown). These techniques are
probably not sensitive enough to reveal subtle differences in cell
proliferation that could contribute to the reduced clone size after
several generations of cell division. The cells and nuclei in the
clones also appear to be of similar size and shape as those in the
surrounding tissue, suggesting that reduced cell size cannot
account for the small size of dco clones.
The E3 ubiquitin ligase activity of DIAP1 is not required for its
regulation by Dco
The C-terminus of DIAP1 contains a RING domain that has
intrinsic E3 ubiquitin ligase activity which can promote its own
degradation via auto-ubiquitination. Mutations that abolish this
activity suppress Hid induced cell death but do not affect or
enhance Rpr killing (Lisi et al., 2000; Wilson et al., 2002;
Yokokura et al., 2004). This is consistent with the differential
suppression of Hid and Rpr by ectopic expression of Dco (Figs.
1A–F). It is conceivable that Dco regulates DIAP1 level through
modulating the auto-ubiquitination process.
To explore the relationship between Dco and DIAP1 E3
ligase activity, we examined whether a point mutation in one of
the essential cysteine residues in the RING domain (th6B)
disrupted the decrease in DIAP1 protein levels upon RNAi
depletion of dco. One complication of monitoring DIAP1 levels
in the RING domain mutant is the possibility that the mutant
Fig. 6. Dco regulates DIAP1 protein levels in the wing imaginal disc. Confocal
images of late third instar larval wing discs stained for DIAP1 in red (A–D, H, I)
and activated Drice in green (E–G, I). ptcGal4 is expressed at an anterior stripe
next to the anterior–posterior boundary (indicated by arrows in panels B–D). All
discs are oriented anterior to the left. (A) Wild type. (B) ptc-Gal4/UAS-dco.
(C, E) ptc-Gal4/UAS-dcoRNAi. (D, F) ptc-Gal4/UAS-dcoRNAi; hid05014/
hid X14. (G–I) Z axis projection of ptc-Gal4/UAS-dcoRNAi disc showing
basal localization of Drice positive cells. Arrows indicate the reduction in
DIAP1 staining in the ptc expression domain.
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to lack of degradation by Hid or perhaps Rpr/Grim, since there
are reports that these factors can also effect DIAP1 stability
(Hays et al., 2002; Ryoo et al., 2002). However, mitotic clones of
Df(3L)H99 did not contain higher levels of DIAP1 immunos-Fig. 7. Inhibition of dco has little effect on hid, grim or rpr transcript levels. ptc-Ga
location of the ptc expression domain is indicated by the arrows. There is no cons
sometimes observed, as was a small increase in rpr expression.taining in the wing imaginal disc (Figs. 9A–C). This was true of
clones located throughout the wing pouch and notum (data not
shown). While much of the tissue surrounding these clones are
heterozygous for the hid, grim and rpr deficiency, the +/+ twins
clones also had similar levels of DIAP1 staining compared to the
H99 clones (data not shown). These data indicate that under
normal conditions, endogenous Hid, Grim and Rpr do not
significantly regulate the expression of DIAP1 in the wing.
As previously described, expression of dcoRNAi in the ptc
domain of the wing disc results in a significant decrease in
DIAP1 expression (Fig. 6C) and an increase in Drice activation
(Fig. 6E). In a th6B/+ background, similar results were obtained
(Figs. 9D, E), suggesting that the effect of Dco on DIAP1
protein levels does not require DIAP1's E3 ligase activity.
dco mutant clones have normal Wg and Dpp signaling
CKIε has been proposed to act both as a positive and
negative regulator of Wnt signaling (Price, 2006). A positive
role for Dco in Wg signaling has recently been demonstrated in
cultured Drosophila S2 cells (Cong et al., 2004) and wing
imaginal discs (Klein et al., 2006; Zhang et al., 2006). Wg
signaling regulates cell proliferation and promotes cell survival
in the wing imaginal discs (Giraldez and Cohen, 2003; Johnston
and Sanders, 2003). Therefore, the phenotypes we have ob-
served in dco mutant clones could be explained by a reduction
in Wg signaling. However, we find that two targets of Wg
signaling in wing imaginal discs, Senseless (Sen) and Distal-
less (Dll) (Parker et al., 2002) are unaffected in cells (expressing
p35) that are homozygous for the dco null mutation (Figs. 10A–
F). We conclude that the cell survival function of Dco in wing
imaginal discs is not linked to the Wg pathway and that Dco is
dispensable for Wg signaling under the conditions used in our
study.
Like Wg, Dpp signaling has also been shown to promote cell
proliferation and cell survival in the wing imaginal disc (Martin-
Castellanos and Edgar, 2002; Moreno et al., 2002). CKIε has
been shown to influence TGF-β signaling in mammalian cell
culture, both negatively and positively, depending on the assay
(Waddell et al., 2004). However, Dpp signaling appears to bel4/UAS-dcoRNAi discs stained for hid (A), grim (B) and rpr (C) transcripts. The
istent change in hid expression by dcoRNAi, but a small decrease in grim was
Fig. 8. dco mutant clones are rescued by inhibition of caspases and exhibit increased Drice activation and decreased DIAP1 protein, but not DIAP-lacZ. dco null
(dcole88) mutant clones were generated in an en-Gal4/UAS-p35 background and are marked by the absence of lacZ staining (green; A, C–H) or GFP (green; I–K) as
indicated. (A) dco clones are found in the posterior (P) compartment where p35 is expressed by en-Gal4, but the anterior (A) clones are not observed. The white line
marks the AP boundary. The presence of the twins at the anterior indicates that mitotic recombination had been induced. (B) Quantification of the dco clone/twin area.
The pixel value of each bar represents the total area of clones or twins in A or P in one disc, and 12 discs containing a total of more than 30 individual clones were
analyzed. The difference between the areas of A twins (average: 10,451 pixels/disc) and P twins (average: 11,138 pixels/disc) is not statistically significant (p>0.20 by
the Mann–Whitney test). The average size of the P clones (2855 pixels/disc) is 25.6% of the size of the P twins. (C–E) Active Drice (red) is elevated in dco clones.
Occasionally active Drice is observed adjacent to the clones (arrows). (F–H) DIAP1 protein (red) is decreased in dco clones. (I–K) dco clones marked by the absence
of GFP were generated in a DIAP-lacZ background (thi5c8). DIAP-LacZ (red) is not altered in the clones. Scale bar: 20 μm.
Fig. 9. Hid, Grim and Rpr do not regulate DIAP1 expression in the wing disc and DIAP1 E3 ligase activity is not required for Dco regulation of DIAP1. (A–C)
Confocal images of late third wing imaginal discs containing clones of Df(3L)H99 (A–C), stained for DIAP1 (red). Clones were marked by GFP (green) and the
location of the D/V boundary is indicated by the white arrow. The expression pattern of DIAP1 is unaffected in the clones. (D–F) Confocal images of wing imaginal
discs stained for DIAP1 (red) and activated Drice (green) from ptc-Gal4/UAS-dcoRNAi; th6B/+ animals. As in ptc-Gal4/UAS-dcoRNAi controls (see Fig. 6), a strong
decrease in DIAP1 levels and increase in activated Drice is observed in the ptc stripe. The scale bars are 20 μM in panel C and 100 μM in panel F.
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Fig. 10. The dcomutant cells have unaffected Wg and Dpp signaling. Confocal images of late third instar wing imaginal discs containing dcole88 null clones, generated
as described in Fig. 8. Clones are marked by the lack of lacZ staining (green) and the Wg targets Sens and Dll and Dpp target Spalt are stained in red. Sens (A–C) and
Dll (D–F) and Spalt (G–I) expression are normal in dco clones.
24 J. Guan et al. / Developmental Biology 303 (2007) 16–28normal in cells lacking dco, as judged by expression of the Dpp
target Spalt (Figs. 10G–I).
Discussion
Dco promotes cell survival by activating DIAP1 expression
Dco is required for suppression of PCD in several deve-
loping tissues. Hypomorphic dco mutants have elevated apop-
tosis in the wing, leg and haltere discs (Fig. 5 and data not
shown). Reduction of dco with either RNAi or with mitotic
clones of a null allele also caused activation of the effector
caspase Drice in wing discs (Figs. 6E and 8D). In the eye disc
and early pupal eye, clones of the null dco allele did not result
in obvious activation of Drice or PCD (data not shown).
However, reduction of endogenous dco with RNAi did enhance
the ability of Hid to promote cell death in the eye (Figs. 3C, D),
indicating that Dco promotes cell survival in this tissue as well.
It is possible that more subtle phenotype in the eye is due to
other CKI family members acting redundantly with Dco in this
tissue.
In the wing disc, the loss of dco resulted in a dramatic
reduction in DIAP1 expression (Figs. 6, 8, 9). The loss of
DIAP1 in either fly embryos or the wing imaginal discs leads to
massive activation of caspases and cell death (Ryoo et al., 2004;Wang et al., 1999; Yoo et al., 2002). Therefore, the reduction in
DIAP1 levels observed in dco mutants is sufficient to explain
the elevated caspase activation and apoptosis in these cells. The
reduction in DIAP1 expression is not a secondary consequence
of activating the apoptotic machinery, since a strong reduction
in DIAP1 levels was observed in the presence of a caspase
inhibitor (Fig. 8G), or in mutant backgrounds where active
caspases are barely detectable (Figs. 6D, F). These results argue
that reduction in dco leads to a loss of DIAP1 expression, which
results in caspase activation and PCD.
Though our data indicate that Dco activation of DIAP1 is
important to suppress apoptosis, the possibility existed that this
regulation was due to non-specific effects of mispatterning in
dco mutants. However, the phenotype of H99, dcoP915/+,
dcoP1395 mutants argues strongly against this scenario. Hetero-
zygosity of H99 suppressed the elevated PCD in the wing (Figs.
5C, F), shortened the developmental lag observed in dco
hypomorphic mutants and increased the lethal phase of these
mutants from early pupation to late pupal stages, with some
escapers eclosing. The flies that emerged had normally patterned
legs, but the pattern of the wings was difficult to analyze due to
lack of unfolding and blistering. However, the veination pattern
of the pupal wings (prior to folding) appeared normal (Fig. 5H).
This data, combined with the fact that Dpp and Wg signaling
appear normal in dco null clones (Fig. 10) strongly suggests that
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direct repressor of apoptosis.
The role of the IAP antagonists Hid, Grim and Rpr
dco interacts genetically with hid, grim and rpr in the eye
(Figs. 1–4) and the wing (Figs. 5 and 6), suggesting a link
between Dco and these pro-apoptotic factors. Dco appears to
regulate DIAP1 at a post-transcriptional level (Fig. 8J) and it has
been reported that DIAP1 is inhibited by Hid, Grim and Rpr at
both the translational level and by increased protein turnover
(Hays et al., 2002; Holley et al., 2002; Ryoo et al., 2002; Yoo et
al., 2002). This raises the possibility that Dco could activate
DIAP1 expression through repression of one or more of these
IAP inhibitors. Alternatively, Dco could activate DIAP1 though
a pathway that acts in parallel to Hid, Grim and Rpr.
If Dco regulates DIAP expression by repressing IAP
inhibitor activity, it cannot work solely through Hid. The
elevated caspase activation and PCD observed upon reduction
of dco gene activity is greatly suppressed in a hid mutant
background (Fig. 6F and data not shown). However, DIAP1
levels are still reduced with dco RNAi in hid mutants (Fig. 6D).
The apoptotic phenotype in dcomutant wing discs is suppressed
by removal of one copy of hid, grim and rpr (Figs. 5C, F), but
not by removal of one copy of hid (data not shown). Therefore
Dco would have to act by inhibiting Hid and Grim and/or Rpr.
While Dco overexpression most effectively suppresses Hid
activity (Fig. 1B), it also moderately suppresses Grim (Fig. 1H)
and has a small effect on Rpr-induced PCD (Fig. 1F).
If Dco regulates DIAP1 in parallel to the IAP inhibitors, then
how to explain the suppression of caspase activation and PCD in
dco mutants when hid is mutated (Fig. 6F) or in Df(3L)H99
heterozygotes (Figs. 5C, F)? These data can be explained by a
balance between negative regulators of apoptosis (Dco) and
positive inputs (Hid/Grim/Rpr). Reduction of dco lowers DIAP1
levels, promoting caspase activation, however, the IAP inhibitors
are known to bind to DIAP1 and sequester it from its normal
function of caspase inhibition (Hay, 2000). So reduction of these
DIAP1 inhibitors allows the lower levels of DIAP1 in the dco
mutants to bind to caspases and prevent their activation.
In addition to binding to DIAP1 and inhibiting its ability to
repress caspases, Hid, Grim and Rpr have been shown to
downregulate DIAP1 expression (Hays et al., 2002; Holley et
al., 2002; Ryoo et al., 2002; Yoo et al., 2002). Interestingly, we
found that clones lacking hid, grim and rpr had no effect on
DIAP1 protein levels in the wing disc (Figs. 9A–C). These
results suggest that under normal conditions, these IAP
inhibitors are not major regulators of DIAP1 expression in the
wing imaginal disc. A more informative experiment would be to
examine DIAP1 expression in clones lacking hid, grim, rpr and
dco, to determine whether the decrease in DIAP1 requires the
three pro-apoptotic factors. Attempts to perform this experiment
have thus far not been possible, due to technical difficulties.
Hid, Grim and Rpr have been suggested to downregulate
DIAP1 though its intrinsic E3 ubiquitin ligase activity (Hays et
al., 2002; Ryoo et al., 2002; Yoo et al., 2002). However, a
mutation that disrupts enzymatic activity (th6B) is still down-regulated in dcoRNAi depleted cells (Figs. 9D–F). This argues
against DIAP1 auto-ubiquitination playing an important role in
Dco regulation of DIAP1. This experiment could only be
performed in a th6B heterozygous background, because th6B
clones do not survive/grow.
Dco may promote cell growth/proliferation
In addition to its role in promoting cell survival, our clonal
analysis indicates that dco may promote cell growth/prolifera-
tion. In the presence of p35 caspase inhibitor, dcomutant clones
are about four times smaller than their twins (Fig. 8B). One
explanation for this is that p35 does not completely suppress the
elevated apoptosis in the dco clone. However, the UAS-p35
transgene used is able to fully suppress a strong GMR-hid
phenotype in the eye, and no TUNEL positive cells are
observed in our dco clones in the presence of p35 (data not
shown).
The conclusion that dcomutant cells grow/divide slower than
controls is tempered by several caveats. Recent findings show
that apoptotic cells in the wing disc can stimulate their neighbors
to proliferate (de la Cova et al., 2004; Huh et al., 2004; Moreno
and Basler, 2004; Ryoo et al., 2004). This phenomenon has been
observed in cells expressing p35, suggesting that caspase
activation but not PCD itself generates the proliferative signal
(Huh et al., 2004; Ryoo et al., 2004; Perez-Garijo et al., 2005).
Induced expression of Wg in the dying cells has been proposed
to be part of the mitogenic signal for this compensatory
proliferation (Ryoo et al., 2004). While we observed substantial
ectopic Wg staining in dco mutant wing discs (Supplementary
information Fig. 2), ectopic Wg was not observed in the p35
expressing dco mutant clones (n=30, data not shown). Despite
this, our current data cannot rule out that the low clone/twin ratio
we observe for dco clones in Fig. 8B could at least be partially
due to increased proliferation of the twins.
Relation of Dco to Wg and other pathways affecting
PCD/proliferation
In our study, no defect in Wg signaling was observed in
mitotic clones for a dco null allele in wing imaginal discs (Figs.
10A–F). A similar result has been recently reported, though a
hypomorphic dco allele was used (Strutt et al., 2006). In
contrast, another recent study generated large clones with a
strong dco allele (dcodbt-P) in a Minute/+ background, and
reported no activation of caspases and a loss of Sens and adult
wing margin, two readouts of Wg signaling (Klein et al., 2006).
We have made dcole88 clones with the Minute technique, and
find that they are infrequent and similar in size to the clones
reported in Fig. 8. The ones at the dorsal/ventral boundary
expressed Sens normally (data not shown), while clones
throughout the wing pouch had a dramatic reduction in
DIAP1 expression and only a small increase in activated
Drice (Supplementary information Fig. 1). Another report
generating very large dcole88 clones using MS1096-Gal4/UAS-
FLP, Minute and p35 expression (Zhang et al., 2006) observed a
strong decrease in Sens expression. This report also found
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signaling (Zhang et al., 2006). Clone size and redundancy/
compensation may explain the differences between our results
and those of Klein et al. (2006) and Zhang et al. (2006).
However, the primary phenotype observed when dco is
removed under the conditions used in this study is a decrease
in DIAP1 levels.
In our misexpression studies in the eye, Dco was able to
suppress the ability of a Ras/MAPK resistant version of Hid
(Bergmann et al., 1998) to induce apoptosis (Fig. 2). At least in
the eye, Dco appears to control cell survival independently from
Ras/MAPK signaling.
The phenotype of dco is similar to that of yorkie, a nuclear
protein that is required for DIAP1 expression and proliferation
(Haung et al., 2005). Yorkie is inhibited by a complex
containing the Lats and Hippo kinases, and the adaptor protein
Salvador (Sav). Clones mutant for lats, sav or hippo display an
opposite phenotype to dco, i.e., dramatic increases in prolifera-
tion and a block in PCD (see Edgar, 2006 for a review). Double
mutant clones for sav and dco do not survive/grow (data not
shown), suggesting that Dco may act downstream of the Wts/
Sav/Hippo complex. However, the expression of DIAP1-lacZ is
upregulated in hippo clones (Wu et al., 2003) and decreased in
yorkie clones (Haung et al., 2005) but we observe no effect on
this transgene in dco clones (Figs. 8I–K). In addition, Wts/Sav/
Hippo represses Cyclin E expression, but Dco does not (data not
shown). Therefore, we consider it unlikely that Dco acts with
Wts/Sav/Hippo in a simple linear pathway. Hippo has also been
reported to phosphorylate DIAP1, leading to instability (Harvey
et al., 2003; Pantalacci et al., 2003), so the possibility remains
that Dco may interact with Hippo in this regard.
CKIδ/ε in other systems
Our data supports a model where Dco promotes cell survival
in fly imaginal discs by maintaining expression of DIAP1
through a novel pathway. Do casein kinase Iδ/ε family members
have similar functions in other organisms? The yeast CKI gene
Hrr25 is involved in DNA repair, cell growth and viability
(Hoekstra et al., 1991). In mammalian cell lines, CKIε plays a
protective role against apoptosis induced by extrinsic death
signals (Desagher et al., 2001; Izeradjene et al., 2004). This cell
survival activity was correlated with CKIε phosphorylation of
the pro-apoptotic factor Bid (Desagher et al., 2001). Inhibition
of CKIδ induces apoptosis in trophoblast cells (Stoter et al.,
2005). Further studies will be required to determine whether
there are commonalities between these different systems. The
ability of Dco to inhibit apoptosis and possibly promote cell
proliferation makes it an attractive candidate for functioning as
an oncogene in tumorigenesis.
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